Human pluripotent stem cells possess remarkable proliferative and developmental capacity and thus have great potential for advancement of cellular therapy, disease modeling, and drug discovery. Twelve years have passed since the first reported isolation of human embryonic stem cell lines (hESC), followed in October 2010 by the first treatment of a patient with hESC-based cellular therapy at the Shepherd Center in Atlanta. Despite seemingly insurmountable challenges and obstacles in the early days, hESC clinical potential reached application in an extraordinarily short time. Eight currently ongoing clinical trials are yielding encouraging results, and these are likely to lead to new trials for other diseases. However, with the discovery of induced pluripotent stem cells (iPSC), disease-specific hESC lines derived from patients undergoing preimplantation genetic diagnosis for single gene disorders fell short of expectations. Lack of ethical controversy made human iPSC (hiPSC) with specific genotypes/phenotypes more appealing than hESC for drug discovery and toxicology-related studies, and in time, lines from HLAhomologous hiPSC banks are likely to take over from hESC in clinical applications. Currently, hESC are indispensable; the results of hESC-based clinical trials will set a gold standard for future iPSC-based cellular therapy. STEM CELLS 2017;35:17-25 
INTRODUCTION
Optimism that human embryonic stem cells (hESC) would provide a virtually unlimited source of selected cell types for future cell therapies, as well as drug screening and development, has resulted in a considerable progress in stem cell biology over nearly two decades since the first hESC were derived [1] . However, the controversy over the use of hESC in research and translational medicine has not diminished over time. There is a constant clash between the obligation to protect life and the obligation to help and save those who are suffering. The very strong opinions on the moral standing of human embryos have led to the prohibition of work with hESC in some countries or, where allowed, this work is tightly regulated.
CIRCUMVENTING ETHICAL CONTROVERSY-hESC LINES FROM SINGLE BLASTOMERES
Ethical controversy determined the direction of early work; this focussed on how to establish hESC lines without destruction of the embryo. A team from Advanced Cell Technology, a Massachusetts-based company, succeeded in deriving hESC lines from single blastomeres of cleavage stage embryos [2] . In this proof-ofprinciple study the embryos did not survive. To minimize the number of embryos used, the embryos were disaggregated and all blastomeres were sourced for derivation. In the follow-up study [3] , one or two blastomeres were biopsied from cleavage stage embryos, and the remaining embryo was left to develop to blastocyst stage. This strategy mimicked preimplantation genetic diagnosis (PGD), a routine assisted reproduction procedure for selection of a Division of Women's Health, Faculty of Life Sciences and Medicine, King's College London, London, United healthy embryos for transfer and elimination of the embryos carrying disease-linked mutations. In spite of addressing the major ethical concerns, the technique did not become widespread. In the same year that the detailed protocol was published [4] , two groups generated the first human induced pluripotent stem cell (hiPSC) [5, 6] , and all the excitement around hESC started to fade-hESC were seen almost as an historical anomaly.
Instead of being celebrated as a major achievement, the technique of hESC-derivation from single blastomeres without embryo destruction became a center of controversy per se. Following nearly 50,000 public comments on the published draft Guidelines for research involving hESCs, the NIH modified the definition of hESCs [7] . hESC "are cells that are derived from the inner cell mass of blastocyst stage human embryos, are capable of dividing without differentiating for a prolonged period in culture, and are known to develop into cells and tissues of the three primary germ layers." Under these guidelines, five hESC lines derived from single blastomeres by the Advanced Cell Technology team (MA09, NED1-4) [2, 3] and ten lines derived at the University of California San Francisco (UCSFB1-10) [8] were ineligible for review because they were derived from a preblastocyst stage embryo and therefore, according to the definition, are not considered to be hESC lines [9] . Applications were submitted to the NIH hESC Registry in 2009 and 6 years later the decision is still pending. Paradoxically, there were no questions raised when clinical trials for macular degeneration of retina using MA09-derived retinal pigment epithelial (RPE) cells were labeled as hESC-based cellular therapy [10] .hESC generated without embryo destruction changed views on hESC patentability in the EU. Following the Directive 98/44/EC on the Legal Protection of Biotechnological Inventions [11] the European Patent Office (EPO) has refrained from granting patents for hESC on moral grounds. In 2014, the EPO's Technical Board of Appeal decided that Chung et al. [3] provided the first disclosure of a method of establishing hESC lines without destroying a human embryo on 7 February 2008. Since then, only the hESC-related applications filed before that date were excluded from patentability [12] .
hESC LINES CARRYING DISEASE-SPECIFIC MUTATIONS
hESC derived from embryos carrying monogenic inherited diseases or chromosomal aberrations were seen as tools for elucidating the etiology and pathophysiology of disorders. On that premise more than 100 hESC lines have been derived. Most of them were listed on either NIH hESC Registry or Human Pluripotent Stem Cell Registry. The spectrum of diseases was limited by the availability of PGD treatments and the frequency of the specific mutations in a given population ( Table 1) . The most frequently derived were hESC lines carrying specific mutations linked to Huntington disease (21 lines derived in 8 centers), Fragile X syndrome (12 lines derived in 3 centers), cystic fibrosis (12 lines derived in 6 centers), myotonic distrophy (11 lines derived in 6 centers), and Charcot-Marie-Tooth disease (11 lines derived in 5 centers). In spite of efforts to make such lines available to the scientific community, actual interest did not match the initial enthusiasm. A relatively modest number of publications in peer-reviewed journals have described their use as research tools; in fact, the number of reviews elaborating on opportunities of using hESC lines carrying specific disease-linked mutations was several times higher than the number of actual research papers. Ethical issues, the regulatory landscape, and the limited spectrum of diseases were all drawbacks of hESC lines that hiPSC did not have and not surprisingly, disease-specific hiPSC lines took over.
CLINICAL GRADE hESC LINES
Clinical grade hESC lines are lines which have been derived under current Good Manufacturing Practice (cGMP) conditions. The first clinical-grade hESC lines were the result of international efforts. Cryopreserved embryos were donated at Sydney IVF Ltd., derivation was performed at a cGMP facility in Brisbane, Australia, and the project was sponsored by the company ES Cell International, which was at that time based in Singapore [13] . The research versions of these lines were available for minimal reimbursement through the A*STAR Singapore Stem Cell Consortium (SSCC). Despite multimillion investments in these first clinical grade hESC lines, they did not gain the popularity of the H1 and H9 hESC lines derived by Thomson et al. [1] , and the cells were never used in clinical trials. Since May 2010, the lines are owned by the California-based company BioTime. The company further characterized the lines at the molecular level and made the data, including copy number variation and genome sequencing, publicly available [14] .
In the U.K., more than 30 clinical grade hESC lines have been derived in five centers across the country as a result of systematic investment from the Medical Research Council. The results of molecular karyotyping of 25 UK-derived clinicalgrade hESC lines by whole-genome single nucleotide polymorphism array analysis was recently published [15] . Fifteen unique copy number variants greater than 100 kb and three copy-neutral regions of loss of heterozygosity greater than 1 Mb were detected in these 25 lines; none of these was associated with adaptation to cell culture. The presence of the culture artefact microduplication of chromosome 20q11.21 was, however, found at higher passages of four clinical grade hESC lines. The methodology and the results of testing cell lines for human viral pathogens has been made available for only 2 of these 25 lines, KCL033 and KCL034 [16] .
Whether further investments into characterization of large numbers of hESC lines might pay off, only time will tell, especially with the expanding HLA-homozygous iPSC bank in Japan for clinical purposes [17] . The bank will contain multiple clinical grade iPSC lines homozygous for three HLA loci: HLA-A, -B, and -DR. Since autologous iPSC-based cell therapy would be financially prohibitive, the aim is to derive the lines from donors homozygous for HLA haplotypes that are found in the Japanese population at a high frequency. The cells derived from such hiPSC lines will carry a reduced risk of rejection when transplanted into recipients that are heterozygous for these haplotypes. Since Japan has a relatively homogenous ethnic population, the required size of the Japanese HLAhomozygous iPSC bank seems to be relatively small-about 50 homozygous lines will match >90% of the Japanese population [18, 19] . In the ethnically more diverse U.K., among 405 theoretical homozygous HLA combinations, a tissue bank [20] . However, among 10,000 HLA typed organ donors used in the study as a representative of the UK population, only 2% were identified as non-White ethnicity, whereas according to the 2011 census 12.8% of the population was non-White, which indicates the particular challenges in identifying suitable donors for the members of these communities [21] .hESC lines, such as H1, MA09, and I6 on which are based most clinical trials today, were not clinical grade lines from the start. They were derived as research grade lines and, only later were adapted to cGMP conditions. Moreover, they were derived and propagated in the presence of mouse feeder cells and/or bovine serum. Xeno-free technology was developed later [22] [23] [24] [25] [26] [27] [28] and in 2011, a team from King's College London derived the first eight animal productfree clinical grade lines [26] [27] [28] . The lines are karyotyped at the molecular level [15] ; they are also listed on the NIH hESC Registry and, therefore, eligible for use in NIH-supported research. The most recent advance is the use of a cell culture matrix containing a mixture of human recombinant laminin (LN)2521 and E-cadherin [29] to derive hESC lines from the inner cell mass of blastocysts and from single blastomere cells from cleavage stage embryos without a need to destroy the embryo. The LN-521/E-cadherin matrix allows clonal derivation, survival and long-term self-renewal of hESC under chemically defined animal product-free conditions without addition of ROCK inhibitors. All hESC lines do not have equal developmental potential and that cannot be explained by epigenetic memory as with hiPSC lines. Some of the hESC lines have propensity toward mesodermal lineages, whereas other toward endoderm [30] . Thus, a screening of the multiple hESC lines for their differentiation propensity has become a standard approach in selection of lines for particular clinical trials. The yield of differentiated cells basically depends on propensity of the source and the efficacy of differentiation protocol. However, regardless of differentiation efficacy, unlimited supplies of hESC or hiPSC would finally give more desired cell types than any other source, and therefore make the most of invested capital.
CLINICAL TRIALS

Spinal Cord Injury
In spite of all the obstacles, which include a 21,000-page Investigational New Drug (IND) application with the FDA, the first patient was treated with an hESC-based cellular therapy product, oligodendrocyte progenitor cells 1 (OPC1), in a clinical trial at the Shepherd Center in Atlanta in October 2010, 
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only 12 years after hESC were isolated for the first time [1] . The clinical trial for spinal cord injury, sponsored by Geron, a California-based company, treated only five patients. The treatment did not cause serious adverse events, although motor or sensory neurological changes were not observed. The lack of obvious improvement in physical condition clashed with the high expectations of the public and the company's stock dropped nearly 60% in the nine months, from January to September 2011. In order to stay in business, lack of investment and support forced the company to end the trial prematurely and to close their stem cell program [31] . All Geron's assets were transferred to another Bay Area company, BioTime and its subsidiary Asterias Biotherapeutics, in 2013. Supported with a strategic partnership award from the California Institute for Regenerative Medicine and equity funding, Asterias reinitiated the clinical trial, and the first patient was treated in Atlanta in June 2015. The study is conducted at a total of up to eight centers in the United States. The AST-OPC1cells will be tested with three sequential escalating doses, the highest being 20 3 10 6 cells, in 13 patients with subacute, C-5 to C-7, neurologically complete cervical spinal cord injury. In February 2014, Asterias received Orphan Drug Designation from the U.S. Food and Drug Administration (FDA) for AST-OPC1, for the treatment of acute spinal cord injury. Orphan Drug Designation is granted to products that treat diseases affecting fewer than 200,000 people in the U.S., and it may provide the sponsor certain benefits and incentives, including a period of marketing exclusivity of 7 years from the first marketing application, if regulatory approval is received for the designated indication [32] .
Macular Degeneration of the Retina
Macular degeneration of the retina is likely to be the first disease that could be, to some extent, successfully treated with hESC-based therapy. Easy accessibility with minimally invasive procedures, the subretinal space being immunopriviledged, and the fact that the stem cell transplant can be monitored regularly with noninvasive methods for structural engraftment (spectral-domain optical coherence tomography) and functional outcome (autofluorescence and visual acuity), make the eye an ideal target choice for initial hESC/hiPSCbased cellular therapies. Indeed, there are currently nine clinical trials with hESC and one with hiPSC-derived RPE cells [10, 31, [33] [34] [35] . The initial results and follow-up with a median time of 22 months are promising; however, we do not know how long the effects will last. Over time the hESCderived RPE cells might succumb to the pathologically altered environment of a diseased eye and ameliorate the condition only temporarily. Nevertheless, using ocular indications as a target was an ingenious idea and it revived the field after Geron was forced to end the trial for spinal cord injury.
Diabetes
Clinical trials with hESC/iPSC-based therapy in type I diabetes have been anticipated for a long time. California company Viacyte (formerly known as Novocell) has spent a number of years developing their glucose-responsive insulin producing PEC-01 cells as well as Encaptra, an encapsulating drug delivery system made from porous cell-impermeable membrane. They are currently tested together as VC-01, islet replacement product candidate. VC-01 is the first stem cell-based treatment for type 1 diabetes to enter clinical testing and the first patient was treated in October 2014 at the University of California San Diego [31, 36, 37] .
Heart Repair
A clinical study of a fibrin patch embedded with hESC-derived cardiac-committed CD151 ISL-11 progenitors transplanted into epicardium of the infarcted area and covered with an autologous pericardial flap commenced in autumn 2014 in France [31, 38] . Following the treatment, the first patient suffering from severe heart failure New York Heart Association (NYHA) functional Class III improved to NYHA Class I and remained stable NYHA Class I 6-months after the intervention [38] . This is the first hESC-based clinical trial that originated outside of the US and that is not driven by a for-profit company.
hESC-Derived Cancer Vaccine
In 2011, Geron reported the development and modification of hESC-derived dendritic cells with mRNA as a potential strategy for the induction of T-cell-mediated immunity [39, 40] . With discontinuation of the stem cell program, the assets related to antigen-presenting dendritic cells GRN-VAC1 and GRN-VAC2 were transferred to Asterias. GRN-VAC2, renamed AST-VAC2, are mature hESC-derived dendritic cells that express a modified form of telomerase, which permits enhanced stimulation of immune response. In September 2014, Asterias teamed up with the UK charity Cancer Research UK and its development and commercialization arm Cancer Research Technology to bring AST-VAC2 into clinical trials in patients with non-small cell lung cancer and in January 2016 has completed the transfer of its manufacturing processes to Cancer Research UK who will produce AST-VAC2 under cGMP conditions at their Biotherapeutics Development Unit.
THE FUTURE-WHERE WE ARE GOING WITH hESC?
With the development of hiPSC, free of ethical issues [5, 6] , hESC started to lose their unique appeal. Within a few years, from being an indispensable research tool, hESC dropped to the level of "gold standard" demonstrating that iPSC are equally useful for addressing certain research questions [e.g., [41] [42] [43] [44] ]. Only time will show whether they will remain as a "gold standard" or they will slowly become obsolete. Most of the issues that are relevant for hESC-based therapy also apply to iPSC [45] . Therefore, it is logical that the standards set in hESC-based clinical trials should be applicable to hiPSC-based clinical trials (e.g., clinical trials in macular degeneration of retina). Since the key difference between hESC and hiPSC is the potentially modified genomic and epigenetic state of hiPSC, additional standards such as DNA methylation analysis and medium-resolution array-comparative genomic hybridization should be applied in hiPSC-based trials.
Nonuniform epigenome transformation during reprograming is not the only issue that may affect the quality of hiPSC [46] . hiPSC are derived from adult somatic cells, which accumulate mutations over the lifespan of the donor [47] . Specific genetic and epigenetic footprints influence the molecular and functional properties of each hiPSC clone and might lead to misinterpretation of the results in, for example, drug screening studies. This is particularly important in studies with disease-specific iPSC lines. With newly discovered relatively precise genome editing techniques such as clustered regularly-interspaced short palindromic repeats (CRISPR)/Cas9 [48, 49] , it is possible to repair mutations in disease-specific hiPSC lines and in such a way generate much better controls than native non-manipulated hESC. On the other hand, using CRISPR/Cas9, disease-specific mutations can be introduced in normal healthy hESC lines, avoiding a baggage of accumulated lifetime mutations, which are typical for disease-specific hiPSC, as well as preserving the native DNA methylation footprint of hESC, which is almost never completely matched in hiPSC.
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